In this study, the shape repeatability of cable-network structures is examined. Cables used for cable networks have nonlinearities between the tensile load and elongation. Therefore, the shapes of cable-network structures have some uncertainty, which leads to diminished shape repeatability. In order to clarify the influence of such nonlinearities, numerical simulations and experiments are carried out. The mechanical properties of the cables are experimentally investigated and their nonlinear characteristics are numerically modeled. The experimental model examined in our previous study is employed as the analysis model. The shape repeatability of the models caused by the nonlinear characteristics of cables and rigid body rotations of nodes are investigated through numerical simulations. The modeled nonlinear characteristics of the cables used in the numerical simulations are validated by comparing with experimental results.
Introduction
High-performance space antennas are currently in demand for future communications and observations to obtain high gain and directivity and to ensure high frequency operation 1, 2) . In order to meet such demands, the antennas need to be large. However, large space antennas must also be lightweight and deployable because of the capacity limitations of launch vehicles. Meanwhile, high-precision antennas are required for the high-frequency operation of future satellite missions. Therefore, two structural performances, i.e., large dimensions and high accuracy, are required for future space antennas. However, it is difficult to make space antennas that are both large and precise 3) . In order to overcome this difficulty, several types of large deployable antennas have been studied and developed; in particular, deployable antennas consisting of cable networks are widely developed and used [4] [5] [6] [7] [8] [9] .
Cables used for cable networks have nonlinearities, such as hysteresis and changes in natural length, between the tensile load and elongation. Figure 1 illustrates an example of these cable characteristics. In this paper, the term "changes in natural length" is used to describe elongation that remains in the cables after the cables are unloaded. A deployable antenna system comprising cable networks has latches in its deployment mechanisms. Thus, cable tensions vary owing to the effect of hysteresis while the antenna is deployed in orbit 6) . A deployable antenna consisting of cable networks is packaged in a launch vehicle after on-ground deployment tests. Accordingly, the shapes of the cable networks are affected by hysteresis and changes in the natural length of the cables, which leads to poor shape repeatability. Therefore, we must consider the influence of the nonlinear characteristics of cables in order to design high-precision antennas.
Although the errors caused by the shape repeatability of the deployable antennas have been observed in some studies 4, 5) and deployment repeatability caused by joints has been investigated for high precision space structures 10, 11) , little attention has been given to the mechanisms via which cable nonlinearities affect the shape repeatability. However, it is necessary to consider the mechanisms for shape repeatability of a cable-network structure for next-generation antennas.
In our previous study, we experimentally investigated the shape repeatability of cable-network structures 12, 13) . In the experiments, repeated loads were applied to the experimental models and the shape repeatability of the cable-network structures was quantified. However, the mechanisms via which cable nonlinearities affect the shape repeatability of a cable-network structure have not been clarified.
In this study, a numerical model that includes the nonlinear characteristics of cables was developed and the mechanism was investigated through numerical simulations and experiments. The mechanical properties of the cables were experimentally investigated. In this study, we focused on the hysteresis and changes in the natural length of the cables among the nonlinear characteristics. The characteristics of hysteresis and changes in the natural length of cables were numerically modeled based on the experimental results.
The shape changes of the analysis models caused by repeated loads were investigated through numerical simulations. The experimental model examined in our previous study was employed as an analysis model in order to compare the results. The modeled nonlinear characteristics of cables used in the numerical simulations were validated by comparing them with experimental results that were obtained in our previous study 13) .
Mechanical Properties of Cables

Experimental investigation of mechanical properties of cables
The mechanical properties of cables were examined to develop numerical models. In this study, twisted aramid fibers, which are used for some space applications, were employed as the members of the cable-networks. Load-strain curves were measured for 16 types of repeated loads. Five samples were tested for each type of repeated load. Each of the samples had a length of approximately 250 mm. These test cases are summarized in Table 1 .
One of the two types of load sets was applied to the samples to remove the initial elongation before the tests. Giannopoulos et al. revealed that the relationship between creep strain of aramid fibers and logarithmic time is practically linear 14) . In this study, a load (50 N, 1 month) is employed to remove the initial elongation as it is expected to decrease the rate of cable elongation to 1/720 of that during the first hour. The aim of this study is to develop a numerical model for the investigation of shape repeatability. Therefore, another load (10 N, 48 h) was also applied to facilitate the experiments.
Samples were tested using a Shimadzu AG-X tensile test rig with flat grips (JT TOHSI) and a 100 N load cell (Tokyo Sokki TCLZ-100NA), as shown in Fig. 2 . The load cycle was repeated 40 times for each test. The repeated tensile tests were carried out on the basis of JIS L1017 15) . A typical test result is shown in Fig. 1 . The nonlinear behaviors that appear near the maximum loads are caused by the backlash of the flat grips. 
Modeling of the mechanical properties of cables
The nonlinear characteristics of the cables were numerically modeled based on the experimental results. In this study, we focused on the hysteresis and changes in the natural length of cables among the nonlinear characteristics. The typical load-strain relationships caused by hysteresis and changes in the natural length are shown in Figs. 3 and 4, respectively. Figure 3 shows the first cycle, and Fig. 4 shows the first and the last cycles extracted from Fig. 1 . Here, the phenomena caused by the hysteresis are modeled as changes in the EA value, which is the product of the elastic modulus (E) and the cable area (A), of the loading and unloading processes. The load-strain relationships are modeled via linear regression around 70 percent of the maximum load where the effect of nonlinear behaviors caused by the backlash of the flat grips is small. EA values and changes in the pseudo natural lengths of the cables were calculated from the modeled linear relationships for each load cycle of the samples. Here, the term "pseudo natural length" describes the length at zero load, as calculated by the modeled linear relationships. Figures 5  and 6 show the calculated changes in the pseudo natural lengths of the cables and EA values of the typical samples, respectively.
We can observe from these figures that the cables have nonlinear characteristics even though a large load was applied to the cable for a long time to remove the initial elongation.
Here, we assume that the phenomena that cause the changes in the pseudo natural lengths after repeated loads are similar to those for the creep 16) . Therefore, their relationship was modeled using the following equation:
The relationship between the EA values and load cycles were modeled using Eq. (2).
where N denotes the cycle number. ε l0 was defined as the ratio of the change in the pseudo natural length to the original natural length. A εl0 , B εl0 , A EA , B EA , and C EA are the parameters that are calculated for each sample by fitting the experimental data to Eqs. (1) and (2). The obtained approximation curves are shown in Figs. 5 and 6, and the calculated parameters are summarized in Figs. 7-11. From these figures, some trends between the parameters and tensions can be observed. In this study, we assume linear relationships and define the functions of the relations from the parameters. The linear expressions of the parameters are summarized in Table 2 . The shape repeatability of a cable-network structure can be investigated by using these modeled mechanical properties. (One sample of test case 8: A load of 10 N was applied for 48 h before the test) (One sample of test case 16: A load of 50 N was applied for 720 h before the test) 
Shape Repeatability Analysis of a Cable-Network Structure
Analysis model
To validate the developed model for the mechanical properties, the shape repeatability of a cable-network structure was numerically investigated and the results were compared with the experimental results obtained in our previous study 13) . Experimental model type I, which was examined in our previous study, was employed as the analysis model. A schematic representation of the analysis model is shown in Fig.  12 .
The model consists of eight cables and eight physical nodes. Here, the term "physical node" is used to describe the nodes of the models and is thereby distinguished from the "numerical node" used for numerical analysis. The four physical nodes located at the edge of the model are fixed nodes (node nos. [5] [6] [7] [8] , while the other four physical nodes located in the middle of the model are free nodes (node nos. 1-4). The analysis model is designed to represent a part of an antenna consisting of cable networks. The tensions and lengths of each cable of the analysis model are shown in Table 3 . The mechanical properties model of the cables that had a load of 10 N applied for 48 h before the test are employed.
In order to investigate the influence of rigid body rotations of the physical nodes, two types of models, i.e., node model A and B, of the physical nodes were employed for numerical analysis. In model A, a physical node was modeled by one numerical node, whereas in model B, it was modeled by three numerical nodes and three high stiffness bar elements. An outline of these node models is shown in Fig. 13 . The mass of each physical node is 3.5 g and it is assumed that gravity is negative along the Y direction. The effect of gravity is considered for the comparison of the experimental results. Figure 14 shows a schematic diagram of the repeated loading procedure. Three states for repeated loading were assumed in the analysis: (a) a slackened state where the cable tensions are not applied, (b) a nominal state where the positions of the fixed nodes are at the designed position to achieve the designed shape of the cable-network, and (c) an excess pulling state where the positions of the right side fixed nodes are located 1 mm to the right of a nominal state. The excess pulling state simulates the latching of the antenna deployment mechanism. In each load cycle, it was assumed that the three states are repeated in the order of (a)→(b: loading)→(c)→(b: unloading)→(a), and the shapes of the analysis model were numerically analyzed at the state b (loading/unloading). In a previous study, it was experimentally observed that the rate of the shape change in experimental model Type I becomes small after 10 repeated cycles. Therefore, in this study, the load cycle was repeated 21 times: initial shape plus 20 repeated load cycles. It was assumed that the initial lengths of the cables have random errors and the variance is 0.5 mm. Typical results of the numerical simulations, for which the same random errors are given, are shown in Figs. 15 and 16 . Figure 17 shows one example of the experimental results 13) . In these figures, the displacements are multiplied 500 times to improve the clarity. From these figures, it is evident that the movements of the nodes in the numerical simulations and the experimental results indicate similar directions and amplitudes. The node movements during the loading and unloading processes, which are indicated by the blue and green marks, respectively, are almost same. This indicates that the changes in the natural lengths of the cables cause a larger displacement than the hysteresis. By comparing Figs. 15 and 16 , a small but significant influence of the rigid body rotations of the physical nodes was observed.
Shape repeatability analysis
To investigate the influence of gravity, a numerical simulation without gravity was carried out. The node movements during the loading process were simulated using node model B. The movement of the nodes with and without gravity is summarized in Fig. 18 . It is evident from this figure that the influence of gravity is negligible in this analysis model because the mass of the node is small.
The numerical simulations were carried out 1000 times using node model B. Their results and those of the experiments 13) are summarized in Fig. 19 , which shows the root sum square (RSS) of the free-node displacements. The mean values and mean values plus one standard deviation of the results of numerical simulations are also plotted. From this figure, we observed that the majority of the experimental results are within one standard deviation of the results of numerical simulations. We conclude from those results that the modeled nonlinear characteristics of cables are valid to examine shape the repeatability of a cable network structure. 
Conclusion
In this study, the shape repeatability of cable network structures was examined. Numerical simulations and experiments were carried out to clarify the influence of such nonlinearities. The mechanical properties of the cables were experimentally investigated and the nonlinear characteristics of the cables were numerically modeled. The experimental model examined in our previous study was employed as the analysis model in order to compare the results. These models were designed to represent a part of an antenna consisting of cable networks. The shape changes of the models caused by repeated loads were investigated through numerical simulations, and the modeled nonlinear characteristics of the cables used in the numerical simulation were validated by comparing them with experimental results. The influence of the nonlinearities of the cables on a full model of a cable-network antenna is able to be examined using the modeled nonlinear characteristics of the cables.
